Phytosterols are essential components of plant cells and therefore naturally present in the human diet. When used therapeutically, phytosterols can significantly lower serum cholesterol concentrations. Meta-analyses of clinical trials indicate about 10% reduction of low-density lipoprotein cholesterol when phytosterols are consumed at the recommended dose of 2 g/d. Thus, phytosterols can be an important part of an overall dietary strategy to manage cholesterol levels, particularly for patients who cannot tolerate cholesterol-lowering drugs. Although other health benefits have been attributed to phytosterols, including anti-inflammatory, anticancer, and immune regulatory effects, this review will focus on the therapeutic use of phytosterols related to serum cholesterol, their mechanisms of action, and the various types of phytosterols available to consumers.
compounds or as added ingredients. Chemically speaking, this includes 4-desmethyl sterols and stanols containing a C-3 hydroxyl group (Figure 1 ). Although cholesterol is not a phytosterol, it shares structural similarities with common dietary phytosterols. Phytosterols and cholesterol function similarly in plant and animal cells, respectively, by providing structural integrity to cell membranes; however, phytosterols are not synthesized by animals and enter the body only via the diet. The main structural difference between cholesterol and plant sterols is in the side chain, where plant sterols have an additional methyl group (campesterol), ethyl group ( sitosterol), or double bond (stigmasterol). When the sterols are fully saturated, the corresponding molecules are campestanol and sitostanol/stigmastanol (Figure 1 ). The terms (G) . Cholesterol is an animal sterol and consumed only with animal-derived foods. Plant stanols are much less abundant than sterols in the natural state but can be produced commercially by hydrogenation of sterols. esters of sterols and stanols are also produced commercially to enhance their solubility in food products.
Management issues in treating dyslipidemia
Cardiovascular diseases (CVD) include any disorder of the heart or blood vessels and, collectively, are the leading causes of death worldwide, claiming an estimated 17.1 million lives in 2004 and accounting for 29% of all global deaths. 24 In the most recent years for which data are available, CVD caused 33% of all deaths in the United States 25 and 48% of all deaths in Europe. 26 The majority of CVD deaths are attributed to stroke and coronary heart disease (CHD), clinical disorders that share a common pathology characterized by atherosclerotic plaque formation within the arteries. Several risk factors are known to contribute to plaque formation, including physical inactivity, smoking, and dyslipidemia. 27 The US National Cholesterol Education Program defines dyslipidemia as serum triglyceride . 150 mg/dL (1.7 mmol/L), high-density lipoprotein (HDL) cholesterol , 40 mg/dL (1.0 mmol/L), and LDL cholesterol . 100 mg/dL (2.6 mmol/L). 28, 29 To combat dyslipidemia, patients have several treatment options that include drugs, diet, and lifestyle changes (or combinations thereof). Drugs are effective but produce adverse effects in a significant proportion of patients. Statins are the most widely prescribed lipid-lowering drugs worldwide, but they produce adverse effects in up to 33% of patients. [30] [31] [32] [33] Adverse effects are also associated with ezetimibe, 34 fibrates, 35 and niacin 36 at rates of up to 18%, 23%, and 90%, respectively. Adverse effects may include liver, muscle, and kidney dysfunctions; skin disorders; abdominal pain; nausea; constipation; dizziness; flushing; neurological disorders; and cognitive impairment.
On the other hand, therapies based on dietary and lifestyle changes produce little or no adverse events and are the cornerstone of recommendations by the US National Cholesterol Education Program, 29 the American Heart Association, 37 and the World Health Organization. 38 Recommendations include reduced intake of saturated fat and cholesterol while increasing physical activity and intake of dietary fiber. In addition, the US National Cholesterol Education Program recommends including 2 g/d of phytosterols to enhance lowering of LDL cholesterol. 29 As discussed below, phytosterols may also be used in combination therapy to reduce the dose of coadministered drugs, thus decreasing the risk of drug-related adverse effects.
Mechanisms of action
Metabolic differences between cholesterol and phytosterols were first reported 80 years ago with the observation that phytosterols are essentially excluded from absorption. 39 In the years that followed, the proposed mechanisms for
Intestinal solubility of cholesterol
Cholesterol in the intestinal lumen comes from both dietary and biliary sources, whereas diet is the only substantial source of phytosterols. 8 Biliary cholesterol is secreted into the intestine in the form of mixed micelles primarily composed of a mixture of bile salts, phosphatidylcholine, and cholesterol. 40 Biliary secretions are important for efficient micellarization of dietary sterols, as well as other dietary components. Micellarization of sterols, in turn, results in more efficient absorption, with smaller donor particles resulting in more efficient absorption, 41 possibly by being able to better penetrate the unstirred water layer at the brush border membrane of the enterocyte.
Nonesterified dietary phytosterols compete with dietary cholesterol for micellarization, as well as displacing micellarized biliary cholesterol. 42 Because biliary cholesterol secretion contributes a greater amount of cholesterol to the intestinal lumen than the diet, the displacement of biliary cholesterol from micelles is quantitatively more important. The competition of phytosterols with cholesterol for micellarization occurs with free 43 but not esterified sterols (Carr TP and Brown AW, unpublished data). Thus, the phytosterol esters must be first hydrolyzed to compete for micellarization.
The solubility of cholesterol in micelles depends in part on the hydrophobicity of bile salts. 43 A "hydrophobicity index" is used to determine the overall hydrophobicity of a bile salt mixture, such as that found in the intestine or bile. 44 Besides simple competition for micellarization, dietary phytosterols have also been shown to decrease the hydrophobicity index of bile salts, 11 thereby potentially decreasing cholesterol solubilization. How phytosterols alter bile salt compositions is still uncertain, although the presence of phytosterols in the intestinal lumen may affect the microbiota population, thus altering secondary bile acid synthesis. 45 Another proposed mechanism for decreasing cholesterol solubility in the intestinal lumen is cocrystallization of phytosterol and cholesterol, although the data are rather limited. Although one in vitro study 46 suggested that cocrystallization may occur, Mel'nikov et al 47 concluded that both cholesterol and phytosterols are highly soluble in hydrolysis products of dietary lipids, making cocrystallization unlikely.
Protein-mediated sterol transport
Cholesterol absorption efficiency in humans is approximately 50%, highly as free sterol. Although there is some evidence that esterified cholesterol can be absorbed via proteinmediated transport, 48 free sterols are more efficiently absorbed in vivo due to their ability to incorporate into micelles. One of the hallmarks of dietary phytosterols is their ability to lower cholesterol absorption while being poorly absorbed themselves. Phytosterol absorption ranges from 0.04% for sitostanol and 1.9% for campesterol in one study, 49 and up to 19% for campesterol in other study. 50 The apparent differences in calculated absorption stem from the potential for a saturable absorption mechanism, 49 as well lower absorption values obtained through blood measurements compared with higher absorption calculated through fecal sterol analysis. Nevertheless, the striking difference in absorption between cholesterol and phytosterols implicates protein-mediated sterol transporters. A number of proteins are believed to be involved in cellular influx, including Niemann-Pick C1 like 1 (NPC1L1), scavenger receptor class B type I (SR-BI), and the fatty acid translocase CD36; 51 other proteins are implicated in cellular efflux, including the ATP-binding cassette (ABC) transporters ABCA1, ABCG1, and the ABCG5/G8 heterodimer. 52 NPC1L1 has been implicated as being essential for cholesterol absorption of higher capacity, with only 15% cholesterol absorption occurring when NPC1L1 was knocked out. 53 Although one study indicated that NPC1L1 did not facilitate absorption of phytosterols, 54 another study demonstrated that NPC1L1 facilitated sitosterol uptake at approximately 40% of the rate compared with cholesterol, 55 and still others have reported that phytosterol absorption is markedly decreased when NPC1L1 was knocked out in mice. 56, 57 In contrast, SR-BI and CD36 facilitate intestinal uptake of sterols to the membrane but did not affect cholesterol absorption in mice. 58 These transporters are also present in the liver and perform a similar role of transporting sterols across the biliary canalicular membrane. To date, little work has been done to determine the transport of phytosterols involving these proteins or the direct competition between phytosterols and cholesterol for these transporters.
The transporters ABCA1, ABCG1, and ABCG5/G8 are important for sterol efflux. The hyperabsorption and accumulation of phytosterols, commonly called sitosterolemia, has been attributed to mutations in the sterol efflux heterodimer ABCG5/G8. 59 The increase in phytosterols in individuals with malfunctioning ABCG5/G8 initially led to the conclusion that ABCG5/G8 was the phytosterol-specific efflux protein but 
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The use and efficacy of phytosterols later found to also transport cholesterol. 60 ABCA1 is present in multiple tissues and transports cholesterol to apo AI as part of the process of developing nascent HDL, 61 whereas ABCG1 transports cholesterol to mature HDL. 62 However, the ABC transporters do not appear to selectively transport phytosterols vs cholesterol. 63, 64 The direct regulation of intestinal genes by phytosterols has also been investigated, but to a limited extent. In the human FHs 74 Int small intestine cell line, Jesch et al 65 reported that sitosterol (but not stigmasterol) reduced the mRNA levels of NPC1L1 and HMG-CoA reductase to the same extent as cholesterol, suggesting that sitosterol had equivalent regulatory properties as cholesterol. In Caco-2 cells, sitosterol upregulated ABCA1 and LXR compared with cholesterol in one study, 66 but not in another. 63 In a hamster model, sitostanol supplementation decreased cholesterol absorption but did not alter gene expression of NPC1L1 or ABCG5/G8. 67 Calpe-Berdiel et al 68 fed phytosterols to three mouse models (C57BL/6J controls, apoE deficient, and LDL receptor deficient) and found intestinal mRNA levels for NPC1L1, ABCA1, and ABCG5/G8 increased in C57BL/6J mice but decreased in the gene knockout models. In the latter study, the changes in gene expression did not correlate with cholesterol absorption or serum cholesterol concentration. 68 Taken together, these data suggest that although phytosterols may exert some regulatory effect on gene expression, they primarily inhibit cholesterol absorption by mechanisms other than gene regulation.
Enzymatic interaction
The interaction of phytosterols with cholesterol-metabolizing enzymes can dramatically affect their ability to impact cholesterol absorption. One such enzyme, pancreatic cholesterol esterase, is involved in hydrolyzing sterol esters into unesterified sterols. Specificity of the enzyme depends on the sterol moiety (with cholesterol esters more rapidly hydrolyzed than phytosterol esters), 69 the fatty acyl moiety (with saturated esters being less efficiently hydrolyzed than unsaturated), 69 or dihydroxystearate esters inhibiting the enzyme. 70 The degree of ester hydrolysis will determine the extent of sterol incorporation into micelles and subsequent absorption. Because a relatively small amount of dietary cholesterol is esterified, 8 phytosterol esters, when consumed at therapeutic doses, are a more important substrate for pancreatic cholesterol esterase. Therefore, the relative rate of hydrolysis could impact the efficacy of phytosterol esters.
The intracellular enzyme, acyl-CoA:cholesterol acyltransferases (ACAT), converts free sterols to sterol esters, which are the primary forms incorporated into chylomicrons. ACAT isoforms have been shown to have dramatically lower substrate specificity for phytosterols than for cholesterol, [71] [72] [73] resulting in more free phytosterols being available for return to the intestinal lumen (via ABCG5/G8) or removal from macrophages (via ABCA1 and ABCG1). However, this difference in specificity does not appear to be an important mechanism for lowering cholesterol absorption as the presence of sitosterol along with cholesterol did not inhibit cholesterol esterification. 71, 74 Instead, this difference in specificity may be responsible for the low phytosterol accumulation in humans.
Phytosterol efficacy, dose, and dose frequency
Although phytosterol intake at levels found naturally in food may exert a slight hypocholesterolemic effect, higher doses of phytosterols at therapeutic levels can significantly lower serum LDL cholesterol. Most reports are in agreement that phytosterols lower LDL cholesterol but have little effect on serum triglycerides or HDL cholesterol. [75] [76] [77] [78] Katan et al 75 acknowledged that phytosterols lowered serum triglycerides in a few studies but asserted that the effect is sporadic and not supported by the general body of literature. Some studies suggest that phytosterols may decrease serum triglycerides in subjects with high serum concentrations of triglycerides. 79, 80 Nevertheless, the general consensus is that phytosterol therapy is most effective for lowering LDL cholesterol with maximum efficacy at approximately 3 g/d. 75, 76, 81 Demonty et al 81 recently developed a continuous dose-response equation using 141 trial arms (from 84 studies) and concluded that a dose of 3 g/d lowers LDL cholesterol 11%, whereas a dose of 2 g/d lowers LDL cholesterol 9%. The equation included a dose range of 0.5-9.0 g/d. Other analyses 75, 76 are consistent in demonstrating maximum efficacy at approximately 3 g/d, but that 2 g/d is nearly as effective and probably represents a more reasonable and achievable dose. Consequently, the US National Cholesterol Education Program recommends a phytosterol dose of 2 g/d to enhance lowering of LDL cholesterol. 29 The impact of dose frequency (and time of dose) has also been examined, but the data are inconclusive. Some studies indicate that a single daily dose of phytosterols (2.5-3.2 g/d) given at breakfast or lunch was sufficient to significantly decrease LDL cholesterol. [82] [83] [84] In contrast, after adjusting for placebo effects, a single dose of 1.7-1.8 g/d did not lower LDL cholesterol. 85, 86 One possible explanation is that the lower doses (1.7-1.8 g/d) were not adequate Carr et al to elicit reductions in LDL cholesterol. However, a 1.8 g/d dose divided equally at each of three daily meals significantly lowered LDL cholesterol, whereas the same 1.8 g dose given entirely at breakfast did not. 87 Meta-analysis of these and other studies suggests that an increase in dose frequency is associated with larger decreases in LDL cholesterol. 81
Effect of baseline serum cholesterol
The relationship of baseline serum cholesterol to phytosterol efficacy has been examined in an effort to understand the factors that influence an individual's response to phytosterol therapy. Some studies have reported a significant correlation between baseline LDL cholesterol concentration and the magnitude of change, 88, 89 whereas others have not. [90] [91] [92] Using a systematic approach, Naumann and coworkers 79 analyzed data from five studies conducted in their laboratory and concluded that phytosterol consumption resulted in larger absolute decreases in LDL cholesterol when patients had higher baseline serum levels, but the percent decrease was not affected. A recent meta-analysis of 141 trial arms also supported the conclusion that absolute (but not relative) changes in LDL cholesterol are significantly correlated with baseline LDL cholesterol concentration, thus indicating that phytosterol therapy in individuals with higher baseline LDL levels have greater absolute reductions in LDL cholesterol. 81
Food matrix and background diet
Phytosterols have been incorporated into various food matrices and tested under many different background diets. Although the results have been variable, phytosterols have significantly lowered serum LDL cholesterol when incorporated into margarine spreads, low-fat yogurt drinks, low-fat fermented milk, mayonnaise, salad dressings, chocolate, orange juice, vegetable juice, hard cheese, fresh cheese, milk, tea, ground beef, muffins, croissants, bread, lemonade, vegetable oil, butter, tortilla chips, nonfat beverages, cereals, capsules, and tablets. 81 The efficacy of phytosterols appears to function independently of dietary fat; thus there has been a movement to incorporate phytosterols into low-fat foods in order to promote a low-fat, low-cholesterol diet profile to further improve healthy lipid profiles. 93 Despite the variability of phytosterol efficacy in various food matrices, the meta-analysis by Demonty et al 81 suggested that neither the fat content nor the nature of the food as dairy or nondairy significantly affected the LDL cholesterol lowering efficacy of the phytosterol product. However, the comparison of solid and liquid foods indicated that phytosterols delivered within solid matrices might be slightly more effective than within liquid foods. 81 In contrast, a meta-analysis by AbuMweis et al 94 concluded that reductions in LDL cholesterol were greater when phytosterols were incorporated into fat spreads, mayonnaise, salad dressing, milk, and yogurt compared with croissants, muffins, orange juice, nonfat beverages, cereal bars, and chocolate. In another study, phytosterols were reported to have significantly different abilities to lower LDL cholesterol when incorporated into different low-fat food matrices: milk (15.9%) . yogurt (8.6%) . bread (6.5%) = breakfast cereal (5.4%). 95 Phytosterol tablets have also been used, demonstrating a decrease in LDL cholesterol of 9.1%. 96 However, in a study comparing phytosterol-lecithin tablets and capsules, the tablets led to a decrease in cholesterol, whereas the capsules did not. 97 Other trials have demonstrated that encapsulated phytosterol esters effectively lowered LDL cholesterol. [98] [99] [100] Taken together, the data suggest that the dietary delivery system could have an impact on the efficacy of phytosterols, although making a general conclusion about specific food matrices may be difficult given that individuals consume a variety of mixed foods on a daily basis that could influence phytosterol efficacy to some degree.
Combination therapies to lower cholesterol
For individuals who cannot achieve LDL cholesterol target goals with diet and phytosterols alone, certain combination treatments may offer some advantages. We have reviewed the literature on phytosterol therapy in combination with statins, fibrates, ezetimibe, niacin, bile acid resins, omega-3 fatty acids, and exercise.
Statins
Statins are widely used for their ability to inhibit cholesterol synthesis. Most studies have shown a significant added reduction in LDL cholesterol when phytosterols are combined with statin therapy. The effectiveness of combining phytosterols and statins is the likely result of targeting two distinct mechanisms: cholesterol absorption and cholesterol synthesis. As phytosterol intake can lead to a compensatory increase in whole-body cholesterol synthesis, 101 statin use can overcome this. The first study to examine combined treatments used a low dose of phytosterols (0.9 g/d) and showed no further reduction in LDL cholesterol with phytosterol addition. 102 When consumed at higher doses (1.8-3.0 g/d), phytosterol addition to statin therapy lowered LDL cholesterol an additional 6%-20%. [103] [104] [105] [106] [107] [108] [109] [110] [111] Because these studies were relatively short term lasting 4-12 weeks, De Jong et al 112 
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The use and efficacy of phytosterols or sterol esters) with statin treatment lasting 85 weeks. After 45 weeks of treatment, both types of phytosterols lowered LDL cholesterol an average of 10.2%, and after 85 weeks, the reduction was maintained at 10.9%. 112 Also noteworthy is the observation that combining phytosterols with statins is generally more effective in producing additional reductions in LDL cholesterol than doubling the statin dose, which yields further LDL cholesterol reductions of only 5%-7%. 113, 114 
Fibrates
Fibrates are primarily used to lower serum triglyceride and, as a secondary effect, raise HDL cholesterol, but they can have negative consequences in hypertriglyceridemic subjects by increasing LDL cholesterol. 115 Phytosterol combination with fibrates has been examined as a therapeutic option to simultaneously lower triglyceride and LDL cholesterol levels, but results have been mixed. In one study, the addition of phytosterols to fibrate therapy lowered LDL cholesterol an additional 10%, 116 whereas combination therapy in another study showed no additional reductions. 117 In an uncontrolled, serial treatment study, seven children with heterozygous familial hypercholesterolemia were treated in sequence with a low-cholesterol diet, followed by treatment with 2 g/d phytosterols, then fibrates alone, and finally a phytosterol-fibrate half-dose combination. 118 Compared to the low-cholesterol diet, both phytosterol and fibrate treatment separately lowered serum LDL cholesterol; the half-dose combination treatment produced equivalent reductions in LDL cholesterol to the full-dose fibrate treatment. 118 Conversely, an apoE knockout mouse study demonstrated that a combination of phytosterols and fibrates negated the LDL cholesterol decreases observed with phytosterols alone, yielding serum values equivalent to controls. 119 Thus, only 1 well-controlled study indicates that combining phytosterols with fibrate therapy is beneficial.
Ezetimibe
Ezetimibe decreases cholesterol absorption by inhibiting NPC1L1-dependent cholesterol absorption; 120 thus, both ezetimibe and phytosterols function to inhibit cholesterol absorption, albeit by different mechanisms. However, combined therapy appears to offer no advantage over ezetimibe treatment alone. 121
Niacin
Niacin is generally used to increase HDL cholesterol, although some lowering of LDL cholesterol can also occur. 122 However, it appears that the combination of niacin and phytosterols has not been examined in clinical trials. The combination has been tested only in an apoE-deficient mouse model, in which phytosterols plus niacin had no advantage over phytosterols alone in lowering LDL cholesterol. 119
Bile acid resins (cholestyramine)
Bile acid resins function by binding bile acids in the intestinal lumen, thus promoting their excretion from the body. In one study, adding phytosterols to cholestyramine treatment did not promote further lowering of LDL cholesterol during 3-month trial periods. 123 In an uncontrolled sequential study to test a triple combination therapy, subjects were started on statins for 3 months, then phytosterols were added for 8 weeks, followed by the addition of cholestyramine for another 8 weeks. 111 The addition of statins lowered LDL cholesterol by 39%, phytosterols by an additional 13%, and cholestyramine by an additional 15%, suggesting that the triple therapy was most effective. 111
Omega-3 fatty acids
Omega-3 fatty acid supplementation is known to lower serum triglycerides and to be anti-inflammatory. 124 Combining phytosterols with diets rich in fish oil or high-oleic sunflower oil significantly lowered LDL cholesterol, but the fish oil and phytosterol combination also lowered serum triglycerides. 125 In addition, the combination of fish oil and phytosterol significantly reduced serum markers of inflammation. 126 Using a different approach, Jones and coworkers 127, 128 used phytosterols that were esterified to fatty acids derived from fish oil (high in 22:6n−3 and 20:5n−3) vs sunflower oil (high in 18:2n−6) or olive oil (high in 18:1n−9). Their results indicated that phytosterols esterified with fish oil fatty acids did not alter LDL cholesterol levels compared with the other phytosterol esters, but fasting and postprandial triglycerides levels were significantly decreased in the fish oil phytosterol treatment. Therefore, a combination of phytosterols and omega-3 fatty acids, whether consumed as fish oil or esterified directly to phytosterols, may be more cardioprotective because of their anti-inflammatory and triglyceride-lowering properties.
Exercise
Because exercise can increase HDL cholesterol concentrations and phytosterols do not typically affect HDL cholesterol, a study was conducted to examine the combined effect of phytosterols and exercise in previously sedentary hypercholesterolemic individuals. 129 Although there was no sterol-by-exercise interaction, and thus no synergistic effect, phytosterol supplementation alone or in combination lowered LDL cholesterol without negating the positive Nutrition and Dietary Supplements downloaded from https://www.dovepress.com/ by 54.70.40.11 on 14-Dec-2018 For personal use only. submit your manuscript | www.dovepress.com
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HDL cholesterol increase and triglyceride lowering effect of the exercise program. In contrast, another study indicated that phytosterols offset exercise-induced increases in HDL cholesterol. 130 Further study is needed to define interactive effects of phytosterol use and exercise.
Safety considerations
Concerns about the safety of phytosterol therapy stem from observations that increased consumption under normal metabolic conditions results in increased serum levels of phytosterols 131 and that patients with sitosterolemia are prone to premature atherosclerosis. 132, 133 Some studies have reported a correlation between serum phytosterol concentrations and cardiovascular risk, [134] [135] [136] [137] whereas other studies report no correlation [138] [139] [140] [141] or even an inverse correlation. 142 A direct causal relationship between serum phytosterols and cardiovascular risk has not been reported. Caution should be used when attempting to associate serum phytosterols and cardiovascular risk, as there are confounding factors that must be considered in the analysis, such as baseline LDL cholesterol concentration 139 and baseline cholesterol absorption efficiency. 138 Helske et al 143 recently observed a direct correlation between serum phytosterol concentration and their accumulation in stenotic aortic valves; however, there was no difference between the absolute concentration of phytosterols in serum or aortic valves in patients undergoing valve surgery vs controls. Other research indicates that phytosterols clearly do not accumulate in atherosclerotic plaque disproportionately to cholesterol. 144, 145 Regarding atherosclerotic risk, it was suggested that the small increase in absolute serum phytosterol concentration resulting from phytosterol therapy may have little impact on overall risk in view of the substantially greater decrease in plasma LDL cholesterol. 75 The impact of phytosterols on serum concentrations of fat-soluble vitamins and carotenoids has also been examined. Serum concentration values are often adjusted and expressed in relation to serum cholesterol (or cholesterol plus triglyceride) to account for changes in serum LDL concentration, as many of these compounds are associated with LDL particles. However, when assessing systemic vitamin or carotenoid status, lipid-standardized values may not reflect the total amount available for delivery to tissues. Although a meta-analysis of 10-15 trials per vitamin showed no effect on plasma vitamin A (retinol) or vitamin D concentrations, decreases in total serum αand β-carotene, lycopene, and α-tocopherol were regularly observed. 75 Upon lipid standardization, only the decrease in serum β-carotene was significant. 75 A monitoring program conducted by Unilever (manufacturer of phytosterols) resulted in a similar conclusion that phytosterol intake decreased serum concentration of lipophilic carotenoids. 146 Increased consumption of fruits and vegetables concurrent with phytosterol therapy can prevent the decrease in lipid-standardized serum β-carotene, 147, 148 but only one study using metabolic kitchen-prepared meals has demonstrated that absolute serum vitamin and carotenoid concentrations can be maintained during phytosterol treatment when fatsoluble vitamins and carotenoids were consumed at levels formulated to meet Canadian Recommended Nutrient Intakes. 149 When supplemental β-carotene and phytosterols were co-administered in croissants and muffins, total serum carotenoid and tocopherol concentrations were not lowered compared with controls, indicating that coadministration of β-carotene and phytosterols within the same food matrix may prevent phytosterol-induced serum reductions in free-living situations. 150 The impact of very long-term phytosterol use on fat-soluble vitamins and carotenoids has not been assessed.
The safety and tolerability of phytosterols was determined in an 8-week study in 48 free-living men and women consuming phytosterols up to 9 g/d. 151 No adverse effects were observed in several body systems, including musculoskeletal system, skin and appendages, central and peripheral nervous system, gastrointestinal system, extracardiac vascular, and respiratory system, and also there were no psychiatric effects. In a long-term study, men and women consuming 2.7 g/d phytosterols for 1 year exhibited lower LDL cholesterol concentration with no change in the concentration of sex hormones, liver enzymes, albumin, glucose, or iron. 152 Another study showed no effect of dietary phytosterols on the reproduction of rats through two generations. 153 Parenteral nutrition-associated cholestasis in premature infants has been linked to phytosterols because much of the lipid in parenteral formulas is derived from phytosterol-rich soybean lipid. However, other factors have been implicated, including prematurity and poor development of the infant; in addition, the circulating phytosterol contents are over 25 times greater than that seen in normal human serum as a result of the phytosterols being directly injected into the circulation and thus provide little insight into the safety of dietary phytosterol consumption. 154 Phytosterol toxicity has also been examined at the cellular level. Using in vitro assays, Baker et al 155 tested the ability of phytosterols to bind to the uterine estrogen receptor or to alter the expression of estrogen-responsive genes. Phytosterols appeared to have no ability to bind receptors or to alter 
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The use and efficacy of phytosterols transcriptional activity, and also there was no any indication in rats of estrogenicity in vivo. Moreover, phytosterols (in either free or esterified form) appeared to exert no genotoxicity effects in several tests, including a bacterial mutation assay, a chromosome aberration assay, a bone marrow micronucleus assay, and a liver unscheduled DNA synthesis assay. 156 The ability of phytosterols to become oxidized in a manner similar to cholesterol, by either high-temperature cooking or metabolically, has raised concerns about the biological impact of oxyphytosterols. 157 To address their potential toxicity, oxyphytosterols were tested in a series of in vitro genotoxicity assays (bacterial mutation, chromosome aberration, and micronucleus), as well as a feeding study in rats. 158 In each case, the oxyphytosterols exhibited no genotoxic effects. Ironically, oxyphytosterols appear to exert some beneficial biological effects. Oxyphytosterols were shown to decrease serum triglycerides, nonesterified fatty acids, and body fat in diabetic rodent models. [159] [160] [161] The oxidized derivative of sitosterol, compared with nonoxidized sitosterol, may also have anti-inflammatory properties. 162
Pregnancy and breastfeeding
In 1979, the phytosterol concentration in breast milk was reported to be directly correlated to plasma phytosterol concentration in lactating mothers consuming a normal diet, although the absolute plasma concentration was relatively low. 163 No correlation was observed between breast milk phytosterol and infant plasma phytosterol concentrations. 163 On the other hand, addition of phytosterols (1.2 g/d) to the maternal diet postpartum resulted in decreased plasma cholesterol and increased plasma and breast milk phytosterols; infant plasma phytosterols increased as well, but to a lesser extent. 164 Phytosterol administration (1.8 g/d) during pregnancy did not significantly affect serum LDL cholesterol during the first or third trimester of pregnancy or even during 1 month postpartum; breast milk phytosterol concentration 1 month postpartum was not significantly affected by phytosterol therapy. 165 Furthermore, maternal phytosterol therapy had no impact on the length of gestation, infants' growth, or serum β-carotene concentration at 1 and 6 months of age; the infants' cholesterol-adjusted serum β-carotene concentration was lower at 1 month of age, but this difference disappeared after 6 months. 165 Phytosterol therapy has typically been avoided during pregnancy due to the lack of adequate research. Although these few studies suggest that phytosterols may be generally safe during pregnancy and lactation, clearly further research is needed to establish the efficacy of phytosterol therapy during pregnancy.
Conclusions
Phytosterols are widely-available nutraceutical compounds that provide an effective therapeutic strategy for lowering LDL cholesterol concentrations. Phytosterols are clinically safe and well-tolerated when consumed at recommended amounts that optimized cholesterol reduction. The US National Cholesterol Education Program recommends a phytosterol dose of 2 g/d to enhance lowering of LDL cholesterol. The successful incorporation of phytosterols into a great number of food supplemental products demonstrates the feasibility of using them on a large scale. Phytosterols produce no adverse events, with the exception of modest effects on some lipid-soluble vitamins and carotenoids, which may be offset by an adequate dietary intake. As cotherapy with statin drugs, phytosterols provide additional LDL cholesterol lowering that is more effective than doubling the statin dose. Combining phytosterols with dietary omega-3 fatty acids (fish oil) is effective in lowering serum triglycerides and LDL cholesterol. More research is needed to determine the efficacy of phytosterol therapy in pregnant and lactating women. Together with other dietary, lifestyle, or pharmaceutical strategies, phytosterols are a useful tool for reducing LDL cholesterol concentrations. Emerging research also suggests other health benefits of phytosterols, including anti-inflammatory, 166 anticancer, 167 
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